Abstract. The European Union requires that benzene in the air is continuously measured due to its toxicity and widespread presence in the population nuclei, mainly motivated by vehicle emissions. The reference measuring technique is gas chromatography (GC). Automatic chromatographs used in monitoring stations must verify the operating conditions established in Standard EN 14662 part 3, which includes a type approval section with a number of tests that analysers must pass. Among these tests, the potential interference of a number of compounds is evaluated. The 2005 version of the mentioned standard requires the evaluation of the potential interference of tetrachloromethane (TCM). The 2015 version eliminates TCM as a potential interferent. Although most consumer uses of TCM have been banned, recent studies have measured significant concentrations of TCM in the air. In this paper, the potential interference of TCM in benzene measurements obtained with gas chromatography coupled to a photoionisation detector (GC-PID) has been investigated. Our study shows that the simultaneous presence of benzene and TCM causes a significant decrease in benzene readings. For TCM concentrations of 0.7 µg m −3 (typical of urban areas) and 4.5 µg m −3 (detected in the vicinity of landfills), the relative errors in benzene measurements were 34 % and 70 %, respectively, which are far too high compared to the maximum overall uncertainty allowed for benzene measurements (25 %). Possible mechanisms to qualitatively and quantitatively explain the behaviour of the PID when measuring benzene with and without TCM have been proposed.
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Introduction
Benzene is a volatile organic compound (VOC) (Tisserand and Young, 2014) . Directive 2008 /50/EC (European Commission, 2008 defines VOCs as organic compounds from anthropogenic and biogenic sources, other than methane, that are capable of producing photochemical oxidants by reactions with nitrogen oxides in the presence of sunlight. Benzene sources include natural emissions from vegetation and oceans (Misztal et al., 2015) , microbial decomposition (Neves et al., 2005) , wildfires (Wentworth et al., 2018) , and volcanoes (Tassi et al., 2015) ; anthropogenic emissions mainly from vehicles that use fossil fuels (von Schneidemesser et al., 2010) ; and, in central and northern European countries, emissions from the combustion of wood used for domestic heating (Hellén et al., 2008) . It is also present in tobacco smoke (Darrall et al., 1998) and in a wide range of industrial and household products (solvents, adhesives, paints and cleaning products) and is also a raw material for the synthesis of other products, such as dyes, detergents, plastics and explosives (Guenther et al., 1995) . Its content in gasoline is regulated by Directive 2009/33/CE, and it has to be < 1 % (v/v) (European Commission, 2009 ).
Due to the chemical stability of benzene compared with most VOCs (with a half-life of 9.4 days; Atkinson, 2000) , its permanence in the atmosphere is high. Consequently, it can be transported over long distances. It is degraded by OH radicals in the troposphere, forming phenol and glyoxal, among other compounds (Atkinson, 2000; Volkamer et al., 2001) .
Benzene is a recognised inducer of leukaemia (D'Andrea and Reddy, 2016) and also affects the central nervous and immune systems and damages genetic material (Bahadar et al., 2014) . It is the only VOC in Europe whose concentrations in the air are regulated. Its annual limit value is 5 µg m −3 at 293 K and 101.4 kPa, and monitoring it in the air is mandatory (European Commission, 2008) . The standardised methods for the measurement of benzene concentrations in the air were established by Directive 2008/50/EC (European Commission, 2008) and are described in the Standard EN 14662 published in 2005, which is composed of five parts (CEN, 2005a, b, c, d, e) . All parts are still valid, but part 3 was modified in 2015 (CEN, 2015) . Each part describes a measuring method using gas chromatography (GC), but they differ in the sample collection and the automation of the analysis. Part 1 of the Standard EN 14662 describes the sampling of air by pumping, using active carbon as an adsorbent and carrying out thermal desorption before the analysis. Part 2 differs from part 1 in the desorption process, where carbon disulfide is used. Parts 4 and 5 describe a method where diffusive samplers are used to collect the sample, followed by thermal desorption (part 4) or solvent desorption (part 5) and GC. Part 3 of the 2005 and 2015 versions of the standard describes an automated method of sampling and analysis, which is commonly used in the air quality monitoring stations in Europe. Both versions contain a type approval section that consists of a series of tests that analysers must pass before commercialisation. Among the type approval tests, the potential interference of a number of substances has to be evaluated.
The 2005 version of the Standard EN 14662-3 included a list of paraffinic, cyclic and halogenated organic compounds (including tetrachloromethane -TCM) that had to be tested as potential interferents. In the 2015 version, all hydrocarbons are maintained and isooctane (2,2,4-trimethylpentane) and 1-butanol have been added but TCM has been removed. Table 1 shows all the common and specific components of each version.
The synthesis of TCM for emissive uses was controlled and practically banned by the Montreal Protocol because it is an ozone-depleting substance (Sherry et al., 2018) . However, its use as a raw material for the synthesis of other substances such as hydrofluorocarbons, pyrethroid pesticides or perchloroethylene is still allowed (Graziosi et al., 2016) . Diffuse emissions may occur in its manufacture or during its use in the aforementioned syntheses. In this sense, 9500 Mt of TCM were estimated to be emitted in 192 countries in 2007 (Penny et al., 2010) . However, since the entry into force of the Montreal Protocol, there has been a progressive decrease in the environmental presence of TCM, with a decrease in (Valeri et al., 2017) . In 2005, the Agency for Toxic Substances and Disease Registry (ATSDR, 2005) determined a global average concentration of 0.7 µg Nm −3 with peaks in urban areas of 1.4 to 4.5 µg Nm −3 , whereas 45 µg Nm −3 was detected in the vicinity of landfills (Brosas-Montecastro, 2008) . More recent data collected in several cities of the world confirm average values of 0.61 µg Nm −3 in Lukang (Taiwan), 0.64 µg Nm −3 in Bristol (UK) and 1.10 µg Nm −3 in Bilbao (Spain) (de Blas et al., 2016) . In this last city, maximum concentrations of 9.94 µg Nm −3 have been measured. These values justify the need for studying its potential interference in benzene measurements. It should also be noted that the global average lifetime of TCM reported in the recent literature is 44 years (36-58) (Ko et al., 2013; Valeri et al., 2017) , so its effects, such as the one indicated here, will be manifested during the next decades.
Given the above, in this paper, the potential interference of TCM in benzene measurements carried out by gas chromatography coupled to a photoionisation detector (GC-PID) is studied. A mechanism that explains the observed behaviour is also proposed.
Materials and methods

Experimental set-up
An in-house-designed controlled atmosphere chamber was used to generate dynamic test mixtures of benzene in the air with and without TCM (Fig. 1) . This chamber was used in previous works (Romero-Trigueros et al., 2016 , and only a brief description will be given here. Zero air was generated from ambient air with a JUN-AIR compressor (Michigan, USA) provided with a drier, which is capable of reducing the relative humidity of the air down to 5 %. This dry air flows through three consecutive scrubbers containing sil-ica gel with an indicator (orange gel) (Merck, Darmstadt, Germany) and K47 active charcoal (Chiemivall, Barcelona, Spain) to remove any traces of remaining humidity and other gases present in the air. After purification, a periodic check of organic pollutants in the zero air was carried out by gas chromatography, ensuring they were below their limits of detection. Benzene was incorporated to the zero air from a highconcentration gas mixture of benzene in nitrogen. Two mixtures from Abelló Linde (Valencia, Spain) were purchased at nominal concentrations of 1000 and 350 µg m −3 of benzene (5 % expanded uncertainty). TCM was also incorporated from one of the two gas cylinders of TCM in nitrogen available in the laboratory (18 and 65 µg m −3 , 5 % expanded uncertainty) (Praxair, Guildford, UK) depending on the final concentrations required for our tests. An additional gas cylinder containing a mixture of the components in Ta , 2017) . Sample and environmental temperature can also be controlled as can sample pressure at the inlet of the GC-PID. The laboratory was provided with a mercury barometer (Thies CLIMA, Göttingen, Germany), and high-sensitivity Magnehelic gauges (Dwyer, Michigan, USA) were connected to the input of each chromatograph to maintain the flow at the reference pressure. Sample relative humidity and temperature were measured with a Testo 645 thermo hygrometer (Barcelona, Spain). All the tests carried out in the present work were done with dry gases at 293 ± 2 K and 101.3 kPa.
The final concentration of component x (Cp x , expressed in µg m −3 ) after mixing all the gas flows can be determined from the mass balance expressed in Eq. (1):
where Cp b x is the concentration of component x in the highconcentration gas cylinder, Q b x is the flow rate from the gas cylinder containing pollutant x, Q a is the zero air flow rate and Q b is the sum of the rest of flow rates coming from gas cylinders. These concentrations and flow rates are expressed at 293 K and 101.3 KPa. These conditions were maintained at the entrance of each chromatograph for all tests. The expanded uncertainties of all generated concentrations of pollutants were estimated from the standard uncertainties of the high-concentration gas mixtures in the cylinders and the standard uncertainties of the gas flow rates. In all cases, the final expanded uncertainty was less than 5 %, according to the limit established in Standard EN 14662-3. Two identical type-approved BTEX Syntech Spectras GC955 chromatographs equipped with PIDs (Groningen, Netherlands) were tested in this work. These are widely used in European air pollution monitoring networks and were identified as analysers I and II. The analytical process is semi-continuous. While the GC-PID is analysing a sample, a new one is sampled and sent to the pre-concentration system. The air sampling system comprises a 35 mL capacity piston pump, and the suction operation is repeated five times producing a total sample volume of 175 mL in each cycle. The successive 35 mL samples of air flow to a pre-concentrator (consisting of a column filled with Tenax), which retains the organic compounds and releases the excess air. Once the five suction cycles are completed, the contaminants retained in the pre-concentrator undergo thermal desorption and are carried with Nitrogen 5.0 (99.999 % purity; Abelló Linde, Valencia, Spain) towards the chromatographic column. The column was an AT-5 capillary column (15 m length × 0.32 mm diameter) and was composed of silica with a film of adsorbent polymer (1 µm heliflex coating) ideal for substances with boiling points between 40 and 250 • C. The initial oven temperature was set at 50 • C and maintained for 3 min and then increased to 70 • C at 10 • C min −1 . This temperature was maintained for 7 min before being reduced to 50 • C with a cooling rate of 10 • C min −1 . The windows used to quantify benzene in analysers I and II were 176-212 and 148-182 s, respectively. Each measurement cycle (from the first aspiration of air to the final result of the detected concentration) lasts for 15 min.
Experimental methods
2.2.1 Experimental procedure to evaluate the potential interference of organic compounds according to Standard EN 14662:2005-3 A first set of experiments was carried out according to Standard EN 14662:2005-3 with analysers I and II for two different benzene nominal concentrations (0.5 and 40 µg m −3 ). The procedure consisted of generating a reference gas mixture of benzene in zero air with the desired concentration, which was measured with the GC-PID. Afterwards, the organic compounds were added from an independent gas cylinder and the analyser measurements were compared with the previous ones. The effect of the dilution produced in the concentration of benzene in the reference gas mixture when adding the interferents was taken into account in the calculations. For each test, six individual measurements were taken to obtain statistically significant data, using the arithmetic mean as the representative value. A similar test was also carried out at a nominal concentration of 5 µg m −3 benzene in zero air as this is the annual limit value of benzene concentrations in the air in the EU (European Commission, 2008) . According to Standard EN 14662:2005-3 , the parameters used to evaluate the deviations caused by the interferents are the effect of organic compounds (b C org , Eq. 2), the standard uncertainty (U C org , Eq. 3) and the test value (V test , Eq. 4). In these equations, C Ca org is the average concentration of benzene in the presence of organic compounds measured by the analyser (µg m −3 ) and C a is the average concentration of benzene measured in the absence of organic compounds (µg m −3 ). We have also used the relative error (RE) of the measurements to compare the results (Eq. 5).
In order to ensure that the biases obtained in these and subsequent experiments were only due to the interfering compounds tested, sample and surrounding temperature, sample pressure, and voltage were kept constant during all experiments. A lack-of-fit test was performed in order to assess the accuracy of the readings. For this, after calibration of the analysers, several gas mixtures of benzene in the air with different concentrations ranging from 0 to 50 µg m −3 were measured. Relative differences between the readings and the reference concentrations were calculated and, in all cases, were below 10 %, much lower than the values reported in Sect. 3 due to the interference of TCM.
Experimental procedure to study the interference of TCM in benzene measurement
Due to the different nature of the interference of the organic compounds that reach the PID, separate studies should be carried out for those that positively (increasing) and negatively (decreasing) affect the measurements of benzene. As explained later, TCM causes the concentration of benzene to decrease, whereas the rest of the compounds act positively; thus, independent tests studying only the influence of TCM were performed.
To study the effect of TCM on the GC-PID measurements of benzene, subsequent tests were performed with Analyser I. This decision was supported by the similar behaviour observed for both analysers when carrying out the tests described in Sect. 2.2.1. In addition, a reproducibility test was carried out in the lab. Both analysers simultaneously mea-sured a gas mixture containing 5 µg m −3 nominal benzene in zero air. The reproducibility (in µg m −3 ) was calculated as
where d i is the i difference in readings between analysers I and II and n is the total number of measurements (six in our case). The value obtained was 0.067 µg m −3 when the average concentration of benzene in the reference gas mixture was 4.6 µg m −3 , which means 1.5 % bias. This value was considered low enough to perform the subsequent tests just with just one analyser. Analyser I was first calibrated with dynamic reference gas mixtures of benzene (C p ) with nominal concentrations of 0, 2.5, 5, 10, 20 and 40 µg m −3 . Next, gas mixtures of benzene were prepared at the same concentrations but with the addition of TCM in nitrogen such that the final concentrations of TCM (C TCM ) were 0.5, 1.0, 2.0 and 5.0 µg m −3 . The measurements of the latter mixtures produced the benzene readings named as C aTCM . The TCM concentrations were selected due to its presence in urban areas at these levels (see Sect. 1). As before, Eq. (1) was used to calculate the flow rates of TCM and benzene in the different experiments. In all cases, each measurement was repeated six times.
Results and discussion
Potential interference of organic compounds according to Standard EN 14662:2005-3
The results obtained when carrying out the tests for evaluating the interference of organic compounds according to Standard EN 14662:2005-3 are shown in Table 2 . Also, the results of a similar test with a nominal concentration of benzene of 5 µg m −3 are included. As can be seen in Table 2 , the mixture of organic compounds interfered significantly, causing errors close to 60 % for the highest concentrations of benzene in the two chromatographs tested. When the reference concentration of benzene used was 5 µg m −3 significant negative deviations from this value were also observed in the presence of the mixture of organic compounds. A similar result (Locoge et al., 2010) was obtained with the same GC-PID and a gas mixture of 5 µg m −3 benzene in the air and 5 µg m −3 of each interfering substances in Table 1 , according to EN 14662:2005-3. Benzene readings were 40 % lower than the expected value. The chromatographs obtained had four peaks. The first of them corresponded to 2-dimethylpentane, methylcyclopentane and 2,2,3-dimethylbutane; the second one to benzene, cyclohexane, 2-methylhexane and TCM; a third one to 3-ethylpentane; and a fourth one to n-heptane and trichloroethylene. Among the interferents of peak 2, only cyclohexane and 2-methylhexane increase the readings of benzene because their respective ionisation potentials (between 9.88 and 10.08 eV) are lower than the potential generated by the detector lamp (10.6 eV), and therefore the electric current in the detector increases, leading to an increase in the apparent concentration of benzene. However, TCM must exhibit a different behaviour as its ionisation potential (11.7 eV) is greater than that emitted by the lamp; therefore, it does not ionise and increase the intensity in the detector. It is evident that it acts inversely since it significantly decreases the apparent benzene concentration. Further tests were carried out to study the nature and the extent of this interference (Sect. 3.2). Table 3 gathers the results of the tests performed according to Sect. 2.2.2. It can be seen that the presence of TCM significantly decreases the readings of benzene with respect to the reference gas mixture concentrations (C p ). Moreover, the deviations increase with increasing TCM concentrations. Otherwise, for the same TCM concentration, the relative difference of the readings for increasing benzene concentrations remained practically constant. The minimum average deviation found was 27.3 % (2.74 SD) for TCM concentrations of 0.5 µg m −3 . The maximum average deviation found was 68.5 % (2.78 SD) for TCM concentration of 5 µg m −3 .
Effect of TCM on benzene measurements
The experimental values of C a and C aTCM were plotted versus C p (Figs. 2 and 3) . Linear relationships between C a or C aTCM and C p were found for each series (p < 0.001). All lines passed through the origin of coordinates, leading to the general equations represented by Eqs. (7) and (8):
where K * and K are the slopes of the respective straight lines. These slopes decrease with increasing TCM concentrations. Table 4 shows Eqs. (7) and (8) with the value of the corresponding parameter K * or K obtained experimentally for each conducted test. A decrease in K was observed as the concentration of the interferent increased. An analysis of the analytical method was done in order to understand the nature of this interference. For a substance to act as an interfering agent, it must have a retention time in the chromatographic column within the interval of identification of benzene, so that both species reach the detector within this interval. If this applies, the interference causes an increase or decrease in the detector signal. When the chromatograph has a PID, one of the following can occur. (i) If any organic compound other than benzene is ionised by the radiation of the detector lamp, the electric current increases, which leads to an increase in the readings of benzene. For this to happen, the ionisation potential of the interferent must be lower than that associated with the radiation of the lamp. (ii) The interferent causes a decrease in the benzene signal, which can be due to several reasons. One of them is that the radiation of the detector lamp is absorbed to a greater or lesser Concentration of reference gas mixture extent by the interferent, and the remaining energy is insufficient to completely ionise the benzene. This phenomenon is known as a "quenching effect" (Chou, 1999) . This is the nature of the interference of humidity in benzene measurements (Romero-Trigueros et al., 2017) . The second reason is that the interferent absorbs (blocks) part of the formed ions that participate in the quantification of benzene, leading to a decrease in the detected concentration. This mechanism is known as a quenching effect via electron capture (Senum, 1981) . As discussed below, TCM acts in this way.
To explain the behaviour of benzene in the PID, we have proposed the model shown in Fig. 4 , which also serves as a basis to determine what happens in the presence of TCM; Fig. 5 . When the gasified benzene (n, in molar units) leaves the column, dragged by the carrier gas, it accesses the PID where a fraction, F (≤ 1), is ionised by the radiation of the lamp, forming nF ionic couples (electrons and benzyl cations). This forms a mixture that produces an electric current when passing through the electrodes of the detector, which is shown as a peak, whose area is proportional to the concentration of benzene in the sample, given that F is practically constant within the range of concentrations tested, as demonstrated by the experimental results. The benzyl ions recover the electrons in the cathode and benzene is reformed, hence the non-destructive nature of the detector.
When an air sample, containing benzene (n moles) and TCM (m moles), accesses the PID, the lamp ionises a fraction F of benzene but does not act on the TCM since its ionisation potential is greater than that provided by the lamp. When the ionic mixture is formed, the mechanisms that take place are complex, given that the electrons formed by the benzene ionisation (nF) are distributed between two competing paths. One part (pF) is directed towards the anode of the detector and the other (qF) is retained by the TCM, given its relatively high electron affinity (2.2 eV) (Chen and Chen, 2004) . Thus, the measurement in the detector (pF) depends Table 3 . Average readings of benzene concentrations obtained with Analyser I when measuring benzene reference gas mixtures without TCM (C a ) and with TCM (C aTCM ). Standard deviation of six measurements shown in parentheses.
Series I: C TCM = 0.5 µg m −3 on the electric fields configured by both systems and the relative amount of benzene (n) and TCM (m). This may cause one of the species to be limiting, which also affects the final distribution. Eventually, the system evolves as shown in Fig. 5 , the electric circuit closes and the initial species are regenerated. According to Fig. 4 , the concentration of benzene read by the chromatograph in the absence of TCM (C a ) can be expressed by means of Eq. (9):
where M b is the molecular mass of benzene, V T is the volume of the air sample and α b = M b /V T . When benzene and TCM simultaneously coexist, the measurements of benzene (C aTCM ) for a given concentration of TCM follow the generic representation in Fig. 5 . Equation (10) was deduced from our Table 4 . Calibration lines of Analyser I obtained by linear regression (without TCM (C a ) and with TCM (C aTCM )). R 2 is shown in brackets. The parameter 1 − K is also shown. experiments (Fig. 3) .
where is the deviation of C aTCM from C p . As can be deduced from Figs. 2 and 3, was proportional to C p for each C TCM and was also dependent on C TCM . Based on the above, the following function was proposed:
Thus, based on Figs. 2 and 3 and Eqs. (9), (10) and (11), C aTCM can be expressed as follows:
From Eqs. (10) and (11), Table 4 shows the values of (1 − K) for each TCM concentration tested. The best fit (r 2 = 0.988) is represented by Eq. (14):
From Eqs. (10), (12) and (14):
Finally, with Eq. (16), the RE of benzene measurements by GC-PID in the presence of TCM can be estimated for Analyser I:
Thus, for TCM concentrations of 0.7, 1.4 and 4.5 µg m −3 (levels that are currently found in urban areas), biases in benzene readings close to 34 %, 44 % and 70 %, respectively, may occur. These deviations are high and not acceptable if compared to the overall expanded uncertainty allowed in the legislation for benzene measurements (25 %). As indicated previously, TCM was considered as a possible interfering contaminant to be evaluated according to Standard EN 14662:2005-3 , but it was not included in the interferent list in its 2015 version. However, Sect. 8 of the current standard establishes that "some compounds, including carbon tetrachloride or butanol, may be present under site-specific conditions. In such cases, the responsibility for Figure 5 . Schematic of the behaviour of benzene and TCM when they interact simultaneously in the PID detector.
the proper determination of benzene falls on the network that operates the analyser by the appropriate choice of separation conditions (analytical column, temperature program of the column)". However, technicians that operate air quality networks usually lack the knowledge and tools to choose the optimum conditions for the analysis. On the other hand, a correction of readings would require continuous measurements of TCM in the air and a knowledge of how TCM makes measurements deviate from their real value, which in turn, requires carrying out tests similar to those presented in this paper with dynamic dilution systems in controlled test atmospheres. This measure would not be easy to apply for economic and technical reasons, so the responsibility must not fall only on the network managers. It seems reasonable that the manufacturers of the equipment take actions for solving this problem -or, at least, for reducing the extent of the interference in their measurements -since they have the required technology and equipment. In any case, users of this type of equipment should be aware of the problem to try to minimise it. The discussion of this issue in the appropriate forum (e.g. the European Committee for Standardisation) also seems pivotal to reducing the uncertainty in benzene measurements by GC-PID in the presence of TCM concentrations.
Conclusions
The research described in this article has determined that TCM causes a significant interference in the measurement of benzene by GC-PID. This interference is negative; that is, readings of benzene are below their real ambient values, which may originate in a mismanagement of the air quality of a location with TCM present in its air relating to benzene.
The RE of the concentration of benzene measured as a function of the concentration of TCM (C TCM ) has been obtained for Analyser I, and, presumably, other GC-PIDs will have similar expressions. Thus, for C TCM values of 0.7 µg m −3 (typical of urban areas) and 4.5 µg m −3 (in the vicinity of landfills), the REs in benzene measurements would be 34 % and 70 %, respectively, independently of the concentration of benzene. These values are much higher than the overall expanded uncertainty allowed for benzene measurements with automated analysers. Given the importance of this interference, a possible mechanism has been proposed to explain the phenomenon when benzene is measured in the presence and absence of TCM. According to the proposed model, TCM attracts part of the electrons produced in the ionisation of benzene; thus, the electric current measured in the detector is lower than it should be. This interference is different in nature from that produced by other interfering species and, consequently, should be assessed independently of them.
Interestingly enough, it is established in part 3 of the Standard EN 14662:2015 that the managers of the air quality monitoring network are responsible for determining the presence of TCM in the area where benzene is measured. If detected, they must act to eliminate the effect of the interferent. However, this approach would require continuous measurements of TCM in the air and a knowledge of how TCM makes measurements deviate from their real value, which in turn, requires carrying out tests similar to those presented in this paper with dynamic dilution systems in controlled test atmospheres. This may entail economic and technical issues so manufacturers of the chromatographs should try to solve this problem as they have greater technical and scientific capacity than network managers. In any case, all these issues should be discussed in the appropriate forum (e.g. the European Committee for Standardisation) in order to improve the uncertainty of benzene measurements and, thus, the management of air quality.
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